







Developmental Biology 215, 399–406 (1999)
Article ID dbio.1999.9482, available online at http://www.idealibrary.com onMembers of the ErbB Receptor Tyrosine Kinases
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o isolate the genes involved in mouse primordial germ cell (PGC) development, we carried out subtraction cDNA cloning
etween PGC-derived embryonic germ (EG) cells and inner cell mass-derived embryonic stem cells. Among the genes
referentially expressed in EG cells, we found a gene encoding a receptor tyrosine kinase ErbB3. By in situ hybridization and
immunohistochemical staining, the expression of ErbB3 as well as that of ErbB2, a coreceptor for ErbB3, was detected in
PGCs in genital ridges at 12.5 dpc (days postcoitum). The expression was, however, downregulated at 14.5 dpc when the
PGCs underwent growth cessation. Neuregulin-b, a ligand for ErbB2 and ErbB3, was also expressed in genital ridges. In
addition, a recombinant Neuregulin-b enhanced the number of PGCs in 12.5-dpc embryos in culture. Taken together, these
bservations suggest that ErbB signaling controls the growth or survival of PGCs in genital ridges. © 1999 Academic Press










The germ cells are the only cells that can give rise to
individuals via fertilization, and it is of great interest to
investigate how such peculiar cells develop in embryos. In
mouse embryos, primordial germ cells (PGCs) are first
identifiable as a group of alkaline phosphatase-positive cells
in the extraembryonic mesoderm posterior to the primitive
streak at 7 dpc (days postcoitum) (Ginsberg et al., 1990). At
8.5 dpc, PGCs are located at the base of the allantois and
start to migrate toward the future embryonic gonads
through the hindgut epithelium and dorsal mesentery,
entering the genital ridges by 11.5 dpc. They actively
proliferate during the migration phase but stop dividing at
around 13.5 dpc, when a portion of them begins to die (Eddy
et al., 1981). As described, PGCs undergo an eventful
developmental process that may be strictly regulated by
many molecules, though only a few have been identified. It
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All rights of reproduction in any form reserved.as been shown that some growth factors support PGC
rowth and survival. In particular, Steel factor, a ligand for
-Kit receptor tyrosine kinase, is essential for PGC both in
ivo and in vitro (Williams et al., 1992; Godin et al., 1991;
olci et al., 1991; Matsui et al., 1991). In addition, leuke-
ia inhibitory factor (De Felici and Dolci, 1991; Matsui et
l., 1991; Cheng et al., 1994), basic fibroblast growth factor
Matsui et al., 1992; Resnick et al., 1992), interleukin-4
IL-4) (Cooke et al., 1996), tumor necrosis factor-a (Kawase
et al., 1994), pituitary adenylate cyclase-activating peptide
(PACAP) (De Felici et al., 1993; Pesce et al., 1996), and Gas6
(Matsubara et al., 1996) also enhance the number of PGCs
in culture, but only IL-4, PACAP, and Gas6 and their
receptors have been confirmed to be expressed in genital
ridges, and it is possible that additional molecules act on
PGCs in vivo.
We previously reported the cloning of protein kinase
genes from embryonic germ (EG) cells using degenerate
PCR primers corresponding to the kinase domain, and some
of these genes turned out to be expressed in germ cells
(Matsubara et al., 1995, 1996; Yanagisawa et al., 1996). EG
ells are a pluripotential stem cell line derived from PGCs











































































































































































































































































































































































400 Toyoda-Ohno, Obinata, and Matsuistem (ES) cells (Matsui et al., 1992; Stewart et al., 1994). EG
cells, however, seem to retain some characteristics of PGCs
(Labosky et al., 1994; Tada et al., 1997) and it is likely that
genes preferentially expressed in EG cells are also expressed
in PGCs. Therefore, we attempted to enrich genes poten-
tially expressed in PGCs by subtracting ES cell cDNA from
EG cell cDNA. We describe herein the identification of
cDNA encoding a receptor tyrosine kinase, ErbB3, obtained
from this subtraction cloning.
ErbB3 is a member of the ErbB family of receptor tyrosine
kinase, which bears two cysteine-rich domains within the
extracellular domain (Kraus et al., 1989); to date, four
members (ErbB1–4) have been identified. Neuregulin (also
known as NDF, Heregulin, ARIA, and GGF) is a member of
the EGF family of growth factors (Peles et al., 1992; Wen et
al., 1992; Holmes et al., 1992; Falls et al., 1993; Marchionni
et al., 1993) and binds to ErbB3 (Carraway et al., 1994;
Tzahar et al., 1994). ErbB3 itself does not have protein
kinase activity (Guy et al., 1994) and needs to be cross-
phosphorylated by a partner for a heterodimer to function
(Sliwkowski et al., 1994; Pinklas-Kramarski et al., 1996).
ErbB3 and its ligands are known to be involved in aspects of
embryonic development including the growth and survival
of Schwann cells (Levi et al., 1995; Dong et al., 1995; Syroid
et al., 1996; Meyer and Birchmeier, 1995; Riethmacher, et
al., 1997) and differentiation of the cardiac ventricular
myocytes, the cerebellar plate, and the neural crest (Erick-
son et al., 1997). We show here the expression of ErbB2 and
ErbB3 as well as their ligand Neuregulins in genital ridges




An EG cell line (DBA3-7) derived from PGCs of 8.5-dpc embryos
of DBA/2 mice and an ES cell line (CCE) derived from 129Sv mice
were cultured on a STO feeder layer and used for preparing mRNA.
Total RNA was extracted by the LiCl–urea method (Auffray and
Rougeon, 1980) and mRNA was purified by Oligotex-dT30 Super
(Takara Shuzo). Ten micrograms of the mRNA was used for
synthesizing double-stranded cDNA by The Copy Kit (Invitrogen)
according to the manufacturer’s instructions. Subtraction cDNA
cloning was performed as described previously (Wang and Brown,
1991). After subtraction, the cDNA products were digested with
EcoRI and inserted into the EcoRI site of the Bluescript II KS(2)
ector. Candidate cDNAs were selected by colony hybridization
ith the subtracted cDNA probe, and EG cell-specific cDNA
lones were finally selected by Northern blot analysis as described
Sambrook et al., 1989). A cDNA library of EG cells was con-
structed using the Uni ZAP XR vector (Stratagene) according to the
manufacturer’s instructions.
ImmunostainingMouse embryos at 11.5 to 14.5 dpc were collected from ICR
females mated with B6D2F1 males (Hogan et al., 1995) and fixed in




401ErbB Receptors in PGC Development70% ethanol/1% acetic acid at 4°C for 3 to 6 h, then dehydrated,
embedded in paraffin, and sectioned at 5 mm. Sections were stained
by rabbit anti-EGFR (sc-003; 1:50 dilution), ErbB2 (sc-284; 1:100
dilution for male and 1:50 dilution for female genital ridges), ErbB3
(sc-285; 1:50 dilution for male and 1:10 dilution for female genital
ridges), and ErbB4 (sc-283; 1:50 dilution) antibodies and goat
anti-Neuregulin-a (sc-1791; 1:50 dilution) and Neuregulin-b (sc-
FIG. 2. Presence of ErbB2 and ErbB3 protein in PGCs. Sections
onoclonal antibody and subsequently the same sections were sta
etected by FITC-labeled anti-rat IgG, and ErbB3 and ErbB2 were de
GCs also expressed ErbB3 and ErbB2. Bar, 10 mm.
FIG. 3. Expression of ErbB2 protein in genital ridges. Expression of
The majority of cells in male (a–c) and in female (d–f) genital ridges at 1
number of ErbB2-positive cells did not change throughout these develo
Copyright © 1999 by Academic Press. All right1793; 1:50 dilution) antibodies (Santa Cruz) using a Histostain SP
kit (Zymed) according to the manufacturer’s instructions. Briefly,
sections were treated with 10% normal goat serum at room
temperature for 10 min for the anti-ErbB antibodies or with 5%
skim milk/PBS at room temperature for 30 min for the anti-
Neuregulin antibodies. Thereafter sections were incubated with
the primary antibodies at 4°C for 16–18 h, then sections were
.0-dpc male genital ridges were stained by PGC-specific TRA 98
either by anti-ErbB3 (a) or by anti-ErbB2 (b) antibody. TRA 98 was
d by rhodamine-labeled anti-rabbit IgG. All of the TRA 98-positive
2 protein in genital ridges was immunohistochemically examined.of 13
inedErbB
2.5 (a, d), 13.5 (b, e), and 14.5 dpc (c, f) expressed ErbB2, though the
pmental stages. Bar, 10 mm.

















402 Toyoda-Ohno, Obinata, and Matsuiincubated with biotinylated second antibodies, following
streptavidin–peroxidase treatment. Antibody staining was detected
by the AEC chromogen. Sections were counterstained by hema-
toxylin. For control staining, the antibodies were preincubated
with a 10-fold (by weight) excess of the corresponding control
peptide antigen (Santa Cruz) overnight at 4°C. Double staining
with ErbB antibodies and TRA 98 monoclonal antibody (1:5 dilu-
tion of culture supernatant of the hybridoma, kindly provided by
Dr. Y. Nishimune at Osaka University; Tajima et al., 1994; Tanaka
et al., 1997) was carried out by indirect immunofluorescence
method. ErbBs and TRA 98 antigens were detected by rhodamine-
labeled anti-rabbit IgG (1:150 dilution; Leinco) and FITC-labeled
anti-rat IgG (1:100 dilution; Cappel), respectively.
Primary Culture of PGCs
Genital ridges of 12.5-dpc embryos obtained from (ICR 3
B6D2F1) matings were dissociated by trypsin–EDTA (Hogan et al.,
995). Cells from the equivalent of the 0.4 and 0.2 genital ridge of
FIG. 4. Expression pattern of Neuregulin-b in genital ridges. Imm
y anti-Neuregulin-b is shown. At 11.5 dpc (a), faint staining was o
in the testicular tubules expressed Neuregulin-b at 12.5 dpc (b). Th
13.5 dpc (d), and at 14.5 dpc only a few cells showed weak staining
at 12.5 (f) and 13.5 (g) dpc, though no significant signal was observale and female, respectively, were seeded into the well of a
4-well dish containing mitomycin C-treated 15P1 cells (kindly
Copyright © 1999 by Academic Press. All rightrovided by Dr. F. Cuzin; Rassoulzadegan et al., 1993) as a feeder
nd were cultured as previously described (Matsui et al., 1991).
uman recombinant Neuregulin-a (Sigma) and human recombi-
ant Neuregulin (NDF)-b (kindly provided by Dr. N. Makayama at
mgen) were added into the culture medium at different concen-
rations ranging from 0 to 500 ng/ml. After 1 day in culture, PGCs
ere detected by alkaline phosphatase staining as previously
escribed (Matsui et al., 1991). Each concentration was applied to
hree or four wells, and the same experiment was repeated four
imes.
RESULTS
Cloning of Mouse ErbB3 cDNA by Subtraction
Screening
To obtain genes involved in PGC development, subtrac-
tion cDNA screening between EG and ES cells was carried
istochemical staining of male (b–e) and female (f–h) genital ridges
ed in a few cells. In male genital ridges, a portion of somatic cells
mber of positive cells increased by 13.0 dpc (c), then decreased at
the female, weak staining was found in a portion of somatic cells
t 14.5 dpc (h). Bar, 10 mm.unoh
bserv
e nuout, and we obtained 16 independent clones that were
preferentially expressed in EG cells. We then examined the
























403ErbB Receptors in PGC Developmentexpression of these clones in early embryos and in genital
ridges by means of whole-mount in situ hybridization in
order to identify genes potentially expressed in PGCs.
Although most clones did not show a significant signal
within regions where PGCs are considered to be located in
embryos, one of the clones (clone 111) was found to be
expressed in genital ridges (data not shown). Clone 111 was
420 bp in length and had 88% homology with rat ErbB3
(data not shown). Although a partial sequence of mouse
ErbB3 was available in a data base, it did not overlap with
our clone. We screened the EG cell cDNA library with this
clone and obtained two overlapping cDNAs that covered
most of the coding region, and those clones turned out to
include a sequence identical with the partial mouse ErbB3
sequence in a data base (data not shown).
Expression of ErbB3 Protein in Genital Ridges
Because we found that ErbB3 mRNA was present in
genital ridges by means of whole-mount in situ hybridiza-
tion, we examined the expression pattern of ErbB3 protein
in genital ridges in greater detail by immunohistochemistry.
At 11.5 dpc, when PGCs begin to enter genital ridges,
ErbB3 protein was detected in a few interstitial cells in
genital ridges (Fig. 1a, arrowhead), though no significant
signal was detected in PGCs. At 12.5 dpc, when sexual
differentiation occurs, weak expression was found in most
of the cells in female genital ridges (Fig. 1f), and the
expression was downregulated by 14.5 dpc (Figs. 1g and 1h).
FIG. 5. Control immunostaining with the preabsorbed ErbB3, E
stained either with the untreated antibodies (a–c) or with the antib
ErbB2 (b, e), and Neuregulin-b (c, f). After the staining, sections
counterstaining. Bar, 50 mmIn male genital ridges, at 12.5 dpc, a significant signal was
observed in cells within the forming testicular tubules (Fig.
Copyright © 1999 by Academic Press. All rightb, arrows). Weaker staining was also found in a portion of
nterstitial cells outside the testicular tubules (Fig. 1b,
rrowhead). The expression was slightly upregulated by
3.0 dpc, though the number of strongly stained cells
ecreased by 14.5 dpc (Figs. 1c–1e). The staining was spe-
ific because it was completely competed by the control
ntigen peptide (Figs. 5a and 5d). The expression pattern of
rbB3 protein in 13.5-dpc genital ridges was identical to
hat of ErbB3 mRNA detected by in situ hybridization (data
ot shown).
To confirm whether ErbB3 is expressed in PGCs, sections
f 13.0-dpc male genital ridges were stained with both
nti-ErbB3 antibody and TRA 98 monoclonal antibody
Tajima et al., 1994; Tanaka et al., 1997). TRA 98 specifi-
ally recognizes a nuclear antigen in germ cells in fetal
onads (unpublished result), as well as adult testis (Tajima
t al., 1994; Tanaka et al., 1997), and may recognize the
ame antigen molecule as previously described GCNA1
Enders and May, 1994; Tanaka et al., 1997). As shown in
ig. 2a, all of the TRA 98-positive PGCs (FITC) were also
tained by the ErbB3 antibody (rhodamine), indicating that
rbB3 was expressed in PGCs. In addition, ErbB3 expression
as also detected in TRA 98-negative somatic cells.
Expression of ErbB2 in Genital Ridges
Because ErbB3 is known to be associated with either
ErbB1 or ErbB2 for the formation of a heterodimer (Sli-
wkowski et al., 1994; Pinklas-Kramarski et al., 1996), it is
and Neuregulin-b antibodies. 13.0-dpc male genital ridges were
s preabsorbed by the control antigen peptides (d–f) for ErbB3 (a, d),
e photographed under interference contrast microscope withoutrbB2,
odielikely that these genes are also expressed in PGCs. To test
this possibility, we next examined the expression of other













































404 Toyoda-Ohno, Obinata, and Matsuimembers of the ErbB family in 13.0-dpc male genital ridges
by immunostaining and found that the ErbB2 protein was
present in TRA 98-positive PGCs (Fig. 2b). ErbB2 protein
was detected in the majority of cells in male and in female
genital ridges from12.5 to 14.5 dpc (Fig. 3). The staining was
competed by the antigen peptide (Figs. 5b and 5e), indicat-
ing that it was specific.
Presence of Neuregulin-b in Genital Ridges
Neuregulins are ligands for ErbB3, and there are two
isoforms, Neuregulin-a and Neuregulin-b (Carraway et al.,
1994; Tzahar et al., 1994). Although no significant signal of
Neuregulin-a was found in genital ridges (data not shown),
Neuregulin-b was detected in both male and female genital
ridges (Fig. 4). The number of Neuregulin-b-expressing
cells, all of which, based on their morphology, seemed to be
supporting cells and interstitial cells, reached a maximum
at 13.0 dpc in the male (Fig. 4c) and at 12.5 dpc in the female
(Fig. 4f), then decreased Figs. 4d, 4e, 4g, and 4h) as did the
ErbB3 (Fig. 1). The staining disappeared when the antibody
was preincubated with the antigen peptide (Figs. 5c and 5f).
Enhancement of PGC Number by Recombinant
Neuregulin-b in Culture
To examine the functions of Neuregulins in PGCs, we
added recombinant Neuregulin-a or Neuregulin-b into the
primary culture of 12.5-dpc PGCs. For this experiment, we
used a Sertoli cell line, 15P1 (Rassoulzadegan et al., 1993),
as a feeder layer because 15P1 seemed to support survival of
12.5-dpc PGCs better than other previously described feeder
cells such as the STO cell (Matsui et al., 1991). Although
100 and 300 ng/ml Neuregulin-a did not show a significant
ffect on PGC number (data not shown), Neuregulin-b
enhanced the number of PGCs in both males and females in
a dose-dependent manner (Fig. 6). Notably, doses of 1 to 500
ng/ml for female PGCs and 500 ng/ml for male PGCs
showed a significant effect.
DISCUSSION
EG cells derived from migratory PGCs are similar to ES
cells with regard to the morphology of colonies (Matsui et
l., 1992; Resnick et al., 1992) and have been shown by the
ormation of germ-line chimera after injection into the
lastocyst to be pluripotential (Labosky et al., 1994; Stewart
t al., 1994). Some experimental evidence, however, has
uggested that EG cells partially retain the characteristics
f PGCs. For example, DNA methylation corresponding to
enomic imprinting within region 2 of the Igf2 receptor
ene is distinct in EG and ES cells, and the methylation
tatus in EG cells seems to reflect that in the original PGCs
Labosky et al., 1994).If EG cells are similar to but partially distinct from ES
ells with regard to the characteristics of PGCs, one could
l
f
Copyright © 1999 by Academic Press. All rightnrich genes expressed in PGCs by subtracting ES cell
DNA from EG cell cDNA. Although the expression of the
ajority of the subtracted clones preferentially expressed in
G cells could not, in the course of our investigation, be
etected in PGCs by whole-mount in situ hybridization,
his might be due to low level expression of the genes; the
xpression of one of the subtracted clones encoding ErbB3
as detected in genital ridges. A significant signal was
ound, by means of whole-mount in situ hybridization, in
oth male and female genital ridges, though the expression
as much stronger in the male (data not shown). This
bservation is consistent with the results of immunohisto-
hemical staining. In male genital ridges, a clear signal was
bserved in PGCs and in adjacent supporting cells within
he forming testicular tubules, while weak staining was
etected throughout genital ridges in the female (Fig. 1).
xpression patterns of Neuregulin-b, a ligand for ErbB3,
howed a similar difference between the male and the
emale (Fig. 4). The level of expression might be correlated
ith male-specific differentiation of PGCs and supporting
ells. Only male PGCs are known to lose the competence to
nter meiosis after 11.5 dpc (McLaren and Southee, 1997),
nd differentiation of Sertoli cells and formation of testicu-
ar tubules initiate at this time. The higher level expression
f ErbB3 as well as that of Neuregulin-b might ensure those
ale-specific processes. Although expression in female
enital ridges is low, the effective concentration of
euregulin-b for the enhancement of female PGC number
as much lower than that for male PGCs in culture,
uggesting that low level expression of the receptor and
FIG. 6. Effect of Neuregulin-b on PGCs in primary culture. Male
r female PGCs of 12.5-dpc embryos were cultured on a feeder layer
f 15P1 cells in the presence of different concentrations of recom-
inant human Neuregulin-b. PGC numbers after 1 day in culture
were counted after alkaline phosphatase staining. Error bars repre-
sent standard error. Significant differences from control were set at
P , 0.05 (*) and at P , 0.005 (**) by Student’s t test.igand is enough to stimulate the growth and survival of
emale PGCs.





















405ErbB Receptors in PGC DevelopmentBoth ErbB3 and Neuregulin-b showed similar develop-
ental stage-specific expression in male and female genital
idges. At 11.5 dpc, the expression was restricted to a few
ells in genital ridges (Figs. 1 and 4). Expression level and/or
umber of expressing cells transiently increased, but de-
reased again by 14.5 dpc (Figs. 1 and 4). It is likely that
ignaling by Neuregulin-b/ErbB2, ErbB3 stimulates PGC
rowth and survival in collaboration with other growth
actors in genital ridges between 12.5 and 13.5 dpc and that,
ubsequently, downregulated expression of the receptors
nd the ligand might trigger growth cessation and/or apo-
tosis, initiated at 13.5 dpc. Enhancement of PGC number
y Neuregulin-b in culture (Fig. 6) is consistent with this
conjecture. ErbB2, ErbB3, and Neuregulin (Heregulin)-
deficient mice die at midgestation (Meyer et al., 1995; Lee
et al., 1995; Reithmscher et al., 1997; Erickson et al., 1997),
nd abnormalities of PGCs have not been addressed herein.
n terms of future research, close examination of PGCs in
hese mutants and even in embryos that have double or
riple mutants of those receptor or ligand genes would be
nteresting.
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